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Members of the ezrin-radixin-moesin (ERM) family of proteins have been found to serve as linkers between membrane proteins and the
F-actin cytoskeleton in many organisms. We used RNA interference (RNAi) approach to assay ERM proteins of the Caenorhabditis elegans
genome for a possible involvement in apical junction (AJ) assembly or positioning. We identify erm-1 as the only ERM protein required for
development and show, by multiple RNA interference, that additional four-point one, ezrin-radixin-moesin (FERM) domain-containing
proteins cannot compensate for the depletion of ERM-1. ERM-1 is expressed in most if not all cells of the embryo at low levels but is
upregulated in epithelia, like the intestine. ERM-1 protein co-localizes with F-actin and the intermediate filament protein IFB-2 at the apical
cell cortex. ERM-1 depletion results in intestine-specific phenotypes like lumenal constrictions or even obstructions. This phenotype arises
after epithelial polarization of intestinal cells and can be monitored using markers of the apical junction. We show that the initial steps of
epithelial polarization in the intestine are not affected in erm-1(RNAi) embryos but the positioning of apical junction proteins to an apico-
lateral position arrests prematurely or fails, resulting in multiple obstructions of the intestinal flow after hatching. Mechanistically, this
phenotype might be due to an altered apical cytoskeleton because the apical enrichment of F-actin filaments is lost specifically in the
intestine. ERM-1 is the first protein of the apical membrane domain affecting junction remodelling in C. elegans. ERM-1 interacts genetically
with the catenin–cadherin system but not with the DLG-1 (Discs large)-dependent establishment of the apical junction.
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Introduction complex in vertebrates is the tight junction, which isIn epithelial cells, the distribution of intercellular junc-
tions and other protein complexes along the lateral plasma
membrane reflects their structural polarity (Nelson, 2003).
However, the evolutionary solution to the requirements of
epithelial tightness, cell–cell adhesion, and vectorial trans-
port differs between vertebrates, Drosophila, and Caeno-
rhabditis elegans. The most apically found junctional0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Abbreviations: AJ, apical junction; dsRNA, double-stranded RNA;
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ORF, open reading frame; PY, phosphotyrosine; RNAi, RNA-mediated
interference; WT, wild-type.
* Corresponding author. Institut fu¨r Genetik, Heinrich-Heine-Universi-
ta¨t Du¨sseldorf, Universita¨tsstr. 1, D-40225 Du¨sseldorf, Germany. Fax: +49-
211-811-2279.
E-mail address: olaf.bossinger@uni-duesseldorf.de (O. Bossinger).
1 Present address: Institut fu¨r Genetik, Weyertal 121, D-50931 Ko¨ln,
Germany.followed in basal direction by the zonula adherens belt
and the spot like desmosomes. In many epithelia of Dro-
sophila, the lateral membrane domain is subdivided by the
subapical region (marginal zone), followed by the zonula
adherens and, more basally, by the septate junction (Mu¨ller,
2000; Tepass et al., 2001; Tsukita et al., 2001). In the C.
elegans embryo, the apical junction (AJ) is the only elec-
tron-dense structure visible at the ultrastructural level
(Michaux et al., 2001; Mu¨ller and Bossinger, 2003). How-
ever, its molecular and functional heterogeneity into an
apical unit, including the catenin–cadherin system (Costa
et al., 1998), and a basal unit, including the AJM-1-DLG-1
complex, has been recently demonstrated (Ko¨ppen et al.,
2001; McMahon et al., 2001; Segbert et al., 2004). Inter-
fering with the establishment of either unit alone results in
only minor defects concerning tissue adhesion and lumen
formation. However, compromising the function of both
units causes the intestine to fragment to a point of lumenal
loss (Segbert et al., 2004).
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simple tube made up of 20 cells with their apical membrane
surface facing the lumen and the basal surface exposed to
the extracellular matrix (Leung et al., 1999; Sulston et al.,
1983; White, 1988). Tubular organs develop in many
different ways, but the processes of tubulogenesis can be
grouped into general categories (Hogan and Kolodziej,
2002; Lubarsky and Krasnow, 2003; Zegers et al., 2003).
In case of the C. elegans gut, opposing epithelial cells create
a lumen without cell loss. The lumen is sealed by the AJ,
which forms a continuous apico-lateral belt around the apex
of epithelial cells, thus defining the border between apical
and basolateral domains (see Fig. 8). The stereotypic junc-
tional pattern of the C. elegans intestine is a favorable
system for the identification of genes that interfere with its
correct formation and maintenance (Bossinger et al., 2001,
2004; Leung et al., 1999; Segbert et al., 2004).
Ezrin-radixin-moesin (ERM) proteins are proposed
throughout the literature as membrane–cytoskeleton linkers.
They are concentrated in microvilli and membrane ruffles
where they link the microfilaments to the membrane, thus
playing structural and regulatory roles in the assembly and
stabilization of specialized plasma membrane domains
(Bretscher et al., 2002; Gautreau et al., 2002). ERM proteins
share two conserved domains, the N-terminal four-point
one, ezrin-radixin-moesin (FERM) domain and a predicted
F-actin-binding site at the C-terminus (Pestonjamasp et al.,
1995; Turunen et al., 1994). The FERM domain is a recently
discovered module that mediates protein–protein interac-
tions, predominantly with membrane-bound proteins (Chis-
hti et al., 1998; Girault et al., 1999). Vertebrates feature
three highly homologous proteins ezrin, radixin, and moesin
that represent the founding members of the ERM subfamily
(Tsukita and Yonemura, 1999).
Mutations in moesin or radixin in mice do not cause
severe defects, suggesting functional overlap rather than
tissue-specific requirements among vertebrate ERM proteins
(Doi et al., 1999; Kikuchi et al., 2002). In vitro observations
of cell cultures indicate disruption of plasma membrane
protrusions upon downregulation of ERM proteins (Amieva
et al., 1999). Expression of constitutively active ERM
proteins in cell culture results in the induction of microvil-
li-like structures (Oshiro et al., 1998). In Drosophila,
DMoesin is the only existing subfamily member (McCart-
ney and Fehon, 1996). The FERM domain of DMoesin
interacts with a conserved binding site in the cytoplasmic
tail of the transmembrane protein Crumbs. The Crumbs–
Dmoesin complex affects the apical F-actin cytoskeleton,
most notably by recruiting h-H-spectrin into the complex,
and proper formation of this complex is essential for zonula
adherens development (Klebes and Knust, 2000; Medina
et al., 2002). Phenotypic analysis of Dmoesin mutations
reveals an essential function in organizing the F-actin
cytoskeleton in the oocyte as well as in nurse cells. Lack
of DMoesin leads to abnormal cell shapes of the nurse cells
and results in anterior–posterior polarity defects of theoocyte (Jankovics et al., 2002; Polesello et al., 2002). A
less structural view of DMoesin function comes from the
observation that lack of DMoesin in somatic clones of wing
discs results in cells losing epithelial characteristics and
adopting invasive migratory behavior. This phenotype is
due to an overactivation of the Rho-GTPase pathway (Speck
et al., 2003).
In the present paper, we use the invariant apical junc-
tional pattern in the embryonic intestine as a read out for the
functional analysis of ERM proteins in C. elegans. Deple-
tion of the protein encoded by the erm-1 (ezrin-radixin-
moesin) gene specifically perturbs the F-actin cytoskeleton
in the cell cortex of the apical–lumenal membrane domain
of the intestine. This results in an abnormal pattern of the AJ
and thus interferes with gut tubulogenesis.Materials and methods
C. elegans strains and culture
Standard procedures for handling and maintaining C.
elegans have been previously described (Brenner, 1974).
Bristol strain N2 was used as WT. The following mutation
was used: LGII, rrf-3(pk1426).
Molecular analysis of erm-1
ERM-1 corresponds to the predicted open reading frame
(ORF) C01G8.5, which is located on the left arm of
chromosome I. Sequenced parts of overlapping cDNA
clones (seehttp://www.wormbase.org for further informa-
tion) cover most of the coding region; remaining gaps were
filled by sequencing PCR products (primer no. 1: forward:
5V-GACACATGTCGCCGGATGTCT-3V, reverse: 5V-
TAGAAGACAAAGTCATGAGCC-3V; primer no. 2: for-
ward: 5V-GAGAGAAGAAGTCGAGAGACA-3V, reverse:
5V-TGACGGAGAGTCTTGTACTTG-3V) from cDNA clone
yk257f5 (2.43 kb; kindly provided by Y. Kohara, Gene
Network Lab, NIG, Mishima 411, Japan), which also
contains additional 5V sequences (108 nucleotides including
the SL-1 leader) and the 3V UTR (444 nucleotides).
Double-stranded RNA-mediated interference (RNAi)
Phagemid DNA was prepared as described in the Stra-
tagene ExAssistent protocol to isolate yk257f5 clone. For in
vitro transcription (RiboMAX, Promega), the template was
first linearized with Asp718 or NotI. Equal amounts of sense
and antisense RNAi were mixed in DEPC-treated water,
annealed by incubating the probe at 65jC for 10 min, and
cooled down to room temperature (RT). Double-stranded
RNA (dsRNA), diluted to a final concentration of 9.5 Ag/Al,
was injected into the gonad of L4 larvae or young adult WT
hermaphrodites. After 24–48 h, progeny of injected worms
was prepared for further analysis. cDNA clones (see also
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Network Lab, NIG, Mishima 411, Japan): for ajm-1,
yk445g1 (2.6 kb), and yk531e7 (4.3 kb); for dlg-1,
yk25e5 (2.6 kb) and yk128b7 (2.4 kb); and for hmr-1,
yk662b10 (3.6 kb). The 5V and 3V sequences are specific to
the genes being tested, as determined by BLAST searches
(http://www.wormbase.org/).
erm-1 (RNAi) feeding was performed according to
Kamath et al. (2001). A 1.57-kb XhoI-digested fragment
of yk257f5 was cloned between the T7 promoters of the
pPD129.36 (L4440) feeding vector. The recombinant plas-
mid was transformed into the RNase III-deficient E. coli
strain HT115 (DE3) carrying IPTG-inducible T7 polymer-
ase. After amplification of a single colony overnight (37jC,
LBamp tet medium), bacteria were seeded on NGMamp tet
plates, containing IPTG (1 mM), and incubated overnight at
RT to allow the expression of dsRNA.
Staining of embryos and larvae, microscopy, and image
processing
Embryos were isolated by slicing adult worms open with
a scalpel and transferring them with a drawn-out pipette to a
microscope slide coated with a thin layer of polylysine in a
drop of distilled water. Embryos were permeabilized by
using the freeze-crack method (Strome and Wood, 1983)
and fixed in 100% methanol (10 min), 100% acetone (20
min), 90% ethanol (10 min), 60% ethanol (10 min), and
30% ethanol (10 min). Slides were washed twice for 10 min
in TBT (see above), incubated at 4jC overnight with
primary antibodies (see below) in blocking buffer (TBT
plus 1% BSA and 1% nonfat dry milk powder), washed
three times for 10 min each with TBT at room temperature,Table 1
Injection of dsRNAs against C. elegans FERM proteins in WT background
Cosmid Gene cDNAsa used to
transcribe dsRNAs
Phenotype
C01G8.5a/b erm-1 yk129b2, yk257f5 Larval lethal
ZK270.2a/b/c/d frm-1 yk372a5, yk34b12 None
T04C9.6 frm-2 yk65e9 None
H05G16.1 frm-3 yk6e4, yk407a5 None
C24A11.8a/b frm-4 yk316h1, yk295e3 None
Y38C1AB.8 frm-5 yk562c7, yk259f6,
yk392e8, yk482e8
None
C34B4.1 frm-6/max-1 yk260h6, yk31f1 None
C51F7.1 frm-7 yk407d5, yk260c10 None
H09G03.2a/b/c frm-8 yk517g12 None
F31B12.3 frm-9 b None
F25H9.5 frm-10 yk304g10, yk124c6 None
F46C3.3 hum-4 yk470b4, yk284c3 None
C48D5.2a/b ptp-1 yk133g6, yk45e9 None
C47E8.7 unc-112 yk357g7, yk251h8 Patc
F42A10.2a/b nfm-1 yk34h5, yk214b9 None
Y71G12B.11a/b – yk172f4, yk133h4 Patc
a cDNA clones kindly provided by Y. Kohara.
b dsRNA was transcribed from RT-PCR product.
c Paralyzed at 2-fold (i.e., embryonic elongation fails at 2-fold stage).and finally incubated at room temperature for 1–3 h with
secondary antibodies (see below) in blocking buffer. Finally,
slides were washed three times for 10 min each in TBT and
mounted in Mowiol containing 1,4-diazabicyclo(2.2.2)oc-
tane (DABCO; Sigma) as an anti-fade reagent.
The following primary and secondary antibodies were
used at the dilutions indicated: anti-a-tubulin (mab4A1,
mouse, 1:40, Piperno and Fuller, 1985), anti-ERM-1 (rabbit,
1:100–1:400), anti-AJM-1 (mabMH27, mouse, 1:1500),
anti-DLG-1 (rabbit, 1:400), anti-phosphotyrosine (PY) (rab-
bit, 1:100, Biotrend, Inc.), anti-HMP-1 (mouse, 1:2), anti-
IFB-2 (mabMH33, mouse, 1:100), and Cy2-, Cy-3-(1:200,
Jackson ImmunoResearch Laboratories) conjugated second-
ary antibodies. In one assay to test specificity, anti-ERM-1
antibodies were incubated with an excess of 6xHis-ERM-1
protein (0.5–1 Ag/Al) in blocking solution and incubated for
30 min at room temperature.
In the case of double staining of FITC/Alexa Fluor 488-
phalloidin and antibodies, embryos were permeabilized by
the freeze-crack method (see above), incubated at minus
20jC for 30 min in a phalloidin/fixative mixture [FITC-
phalloidin (Sigma) or Alexa Fluor 488-phalloidin (Molec-
ular Probes, Inc.) stock solution (1 mg/ml in PBS) diluted
1:100 or 1:25 in 75% methanol and 3.7% paraformalde-
hyde], washed twice for 10 min each in PBT (PBS plus
0.1% Tween 20), incubated at RT for 1 h with FITC- or
Alexa Fluor 488-phalloidin (1:100 or 1:25, respectively) in
a moist chamber, and washed twice for 10 min each in
PBT. Subsequent antibody staining procedures (starting
with the incubation of primary antibodies) were carried
out as described above. In the case of FITC- or Alexa
Fluor 488-phalloidin single staining (Costa et al., 1998),
embryos were fixed for 2 min in 4% paraformaldehyde in
60 mM Pipes, 25 mM HEPES, 10 mM EGTA, 2 mM
MgCl2, pH 6.8 containing 0.1 mg/ml L-a-lysolecithin
(Sigma), incubated for an additional 20 min in the same
fixative but without lysolecithin, washed twice for 10 min
each in PBT, and incubated for at least 1 h with FITC- or
Alexa Fluor 488-phalloidin (1:100 or 1:25). In case of
feeding Lucifer Yellow (LY), specimens were incubated
with the dye (using a 5% LY CH dipotassium salt solution
in A. dest; Mr 522) on nutrient agarplates (modified after
Bossinger and Schierenberg, 1996).
Immunofluorescence analysis of embryos was performed
on a confocal laser-scanning microscope (TCS-NT, Leica)
equipped with a 100 PL Fluotar oil-immersion objective.
Recorded images represent a Z-projection of optical sections
taken 0.5 Am apart. The different stages of morphogenesis
were classified by the apparent shape and elongation of the
embryo: lima bean (epiboly), comma (end of epiboly),
tadpole (1.5-fold), plum (1.75-fold), loop (2-fold), and
pretzel (4-fold). Final image layout with a resolution of
300–600 dpi was performed on a Dual 2 GHz PowerPC G5
(Apple Computer, Inc) using Adobe Photoshop CS 8.0
(Adobe Systems, Inc) and Canvas 9.0.1 (ACD Systems,
Inc) software.
Table 2
Injection of dsRNA cocktails against C. elegans FERM proteins either in
WT or the RNAi hypersensitive strain rrf-3 (Simmer et al., 2002)
Gene cDNAs
used to
transcribe
dsRNAs
Phenotype after
injection of a
mixture of 11
dsRNAs (WT)
Phenotype after
injection of a
mixture of 10
dsRNAs (WT)
Phenotype after
injection of
different
mixtures of
dsRNAs (rrf-3)
nfm-1 yk34h5 erm-1 none none
frm-8 yk517g12
frm-4 yk295e3
ptp-1 yk133g6 none
frm-1 yk372a5
frm-10 yk304g10
frm-3 yk6e4
frm-2 yk65e9 none
frm-6/
max-1
yk260h6
frm-5 yk482e8
erm-1 yk257f5
Multiple RNAi’s against FERM proteins (including erm-1, third column)
cause the erm-1(RNAi) phenotype, indicating that erm-1 has an essential
and nonredundant function during C. elegans development. Injections of
dsRNAs (without erm-1) either in WT (fourth column) or the RNAi
hypersensitive strain rrf-3 (fifth column) cause no apparent phenotype.
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PCR was used to amplify a 1.07-kb fragment of yk257f5,
encoding the C-terminal 356 aa of ERM-1: forward: 5V-
ACGGATCC ATCCGCAACAAAAAGGGAACT-3V, re-
verse: 5-CAGGATCCTTACATATTTTCGTATTGATC-3V
(synthetic restriction sides for BamHI are underlined, re-
spectively). The obtained fragment was cloned in frame in
the 6xHis-tag expression vector pQE30 (Qiagen), trans-
formed, and induced in E. coli strain M15 (pREP4, Qiagen).
Induced protein was purified on Ni-NTA matrix (Qiagen)
and sent to Eurogentec (Belgium) for immunization of one
rabbit. The final bleed was purified using a 6xHis-ERM-1
fragment conjugated to AminoLink Plus (Pierce). For elu-
tion of anti-ERM-1 antibodies, columns were first rinsed
with 4.5 M MgCl2, 50 mM sodium HEPES pH 7.5 followed
by 100 mM glycine pH 2.5. The fraction was dialyzed
against PBS, collected, and finally enriched using Centricon
YM-100 column (Millipore). The affinity-purified antisera
showed a distinct staining pattern on whole mount (Fig. 2),
which was neither detectable in the corresponding pre-
immune serum nor after preincubation with an excess of
protein nor in RNAi embryos, respectively (data not shown,
Fig. 2F).
Western blot analysis
Young adult hermaphrodites (100 worms per lane; Fig.
2C) were transferred to 10 Al M9 buffer and frozen in liquid
nitrogen. Ten microliters of 2 SDS sample buffer was
added and samples were immediately boiled (10 min),
chilled on ice (5 min), and loaded on a 10% SDS poly-
acrylamide gel. Separated proteins were transferred to
nitrocellulose membrane, incubated with blocking buffer
containing TBT [Tris-buffered saline (25 mM Tris), plus
0.1% Tween 20 or Triton X-100] plus 1% BSA, 3% nonfat
dry milk powder, and 0.02% sodium azid for 1 h at room
temperature, further incubated at 4jC overnight with anti-
ERM-1 antibody (rabbit, 1:100) in blocking buffer, washed
three times for 5 min each with TBT at room temperature,
and finally incubated at room temperature for 1.5 h with
anti-rabbit secondary antibody (HRP-conjugated, 1:10,000)
in blocking buffer (without sodium azide). After washing
three times for 5 min each in TBT, detection was performed
using BM Chemiluminescence substrate (Boehringer Roche
Diagnostics). The blot (Fig. 2C) was incubated with TBT
blocking buffer again (the sodium azide irreversibly inacti-
vates HRP) and reprobed with anti-a-tubulin monoclonal
antibody (mouse, 1:500, Sigma) and an anti-mouse second-
ary antibody (HRP-conjugated, 1:10,000) as a loading
control.
Northern blot analysis
PolyA+ RNA was prepared from mixed or synchronous
worm populations using the AMACS mRNA isolation kit
D. van Fu¨rden et al. / Develop(Miltenyi Biotec). RNA was fractionated in formaldehyde-
containing (1.8%) agarose gels, transferred to a Hybond-
N+membrane (Amersham Life Science) using 20 SSC,
and cross-linked with UV light. Digoxigenin (Boehringer
Roche Diagnostics)-labeled RNA, generated from yk257f5
cDNA, was used as probes with a final concentration of 100
ng/ml. The membrane was prehybridized (30 min, 68jC)
and hybridized (overnight, 68jC) in hybridization solution
[5 SSC; 50% deionized formamid, 0.1% (w/v) sodium-
laurylsarcosine, 0.02% (w/v) SDS, 2% (v/v) blocking
reagent (Boehringer Roche Diagnostics)] and washed (2–
5 min in 2 SSC/0.1% SDS at RT and 2–15 min in 0.1
SSC/0.1% SDS at 68jC). Detection was performed with
HRP-conjugated anti-digoxigenin antibodies (dilution 1:
10,000) using BM Chemiluminescence substrate (Boeh-
ringer Roche Diagnostics). Sizes of transcripts were deter-
mined by comparison with RNA Mr standards (Promega).Results
ERM-1 shows no genetic interactions with other FERM
domain proteins in C. elegans
The role ERM proteins play in development is beginning
to unfold. While in Drosophila, mutations in Dmoesin have
profound effects on cell polarity, in mouse development, the
analysis is hampered by possible redundancy (see Introduc-
tion). We opted to use the strength and speed of C. elegans
reverse genetics (RNAi, Fire et al., 1998) to determine a
possible role of ERM proteins in worm development and to
assay aspects of redundancy. We used the consensus se-
quence of H. sapiens ezrin, radixin, moesin, and Drosophila
D. van Fu¨rden et al. / Developmental Biology 272 (2004) 262–276266melanogaster moesin to identify 16 predicted genes from
the C. elegans genome encoding a FERM domain (http://
www.wormbase.org/ and http://smart.embl-heidelberg.de/).
We obtained 30 independently isolated cDNAs (kindly
provided by Y. Kohara) that reflect those 16 ORF predic-
tions. We assayed them by injecting their dsRNAs either
individually or in different combinations into the gonad of
adult hermaphrodites and screened for defects in AJ forma-
tion and remodelling in the intestine (Tables 1 and 2). We
only observed RNAi defects with cDNAs originating from
three independent genes. In two cases (unc-112 and the ORF
in cosmid Y71G12B.11a/b), the resulting embryos were
paralyzed at the 2-fold stage without any obvious defects
in intestinal junction development and not analyzed further.
Although there are two genes predicted to belong into
the ERM subfamily, ORF F42A10.2 and ORF C01G8.5
(http://www.wormbase.org/), only erm-1 (Fig. 1A, ORF
C01G8.5a) led, upon depletion, to larval lethality 2–3 days
after hatching (see below). We tested whether there is any
functional redundancy provided by ORF C01G8.5a, named
erm-1, and other FERM domain containing genes identified
here (Table 1). Co-injection of erm-1 dsRNA together with
different FERM domain containing dsRNAs showed no
enhancement of the erm-1(RNAi) phenotype (Table 2).Fig. 1. ERM-1, a C. elegans ezrin-radixin-moesin protein. (A) Schematic illustratio
contains 11 exons and is trans-spliced to SL1 at the 5V end. ATG and TAAmark the t
nt) contains two putative polyadenylation signals (GATAAA and TATGAA) upstrea
erm-1 encodes a protein of 563 aa (ORF C01G8.5a, accession no. P91015; see te
domain (also-called N-ERMAD, ERM association domain, 5–298 aa, composed of
to form a a-helical coiled-coil and the tail (also-called C-ERMAD) contains a
conservation of individual domains between C. elegans ERM-1 (accession no. P9
HsMoesin (accession no P26038), andDMoesin (accession no. P46150) is indicated
acid sequences of C. elegans ERM-1 with the sequence of human and Drosophila E
(blue), and DMoesin (yellow) were found to be invariant between analyzed mamm
566, 564, 558, and 559 in human Ezrin, Radixin, Moesin, and DMoesin, respective
(position 544). (E) A Northern blot analysis detects only a single band, corresponInjection of FERM domain dsRNAs without erm-1 pro-
duced no abnormal phenotype. Fully viable and fertile
offsprings were also obtained after the injection of cocktails
of dsRNAs against FERM domain proteins into the RNAi
hypersensitive strain rrf-3 if erm-1 was excluded (Simmer
et al., 2002, Table 2). Thus we conclude that most FERM
domain proteins do not have an essential role during C.
elegans development and that the phenotype of erm-
1(RNAi) described below is not obscured by redundant
functions of additional FERM domain proteins.
Molecular characterization of erm-1
The full-length sequence of erm-1 was determined from
the sequence of overlapping cDNAs (kindly provided by Y.
Kohara) and the remaining gaps were filled by PCR (see M
and M; Fig. 1A). A Northern blot of mixed-stage mRNA
probed with yk257f5 revealed a single band of approxi-
mately 2.3 kb (Fig. 1E). This finding is in good agreement
with the predictions made by wormbase (http://www.worm-
base.org/) for C01G8.5a. However, we could not detect the
second predicted mRNA for C01G8.5b of 3.2 kb. This
finding argues for the presence of only a single transcript
that does not contain the extended 5V UTR region ofn of erm-1 transcript (2326 nt, http://www.wormbase.org/). The erm-1 gene
ranslation initiation and termination codons, respectively. The 3VUTR (z536
m (12 and 6 nt) of the poly-A tail (see yk34d3.5, accession no. D36550). (B)
xt for further explanations). The N terminus contains the predicted FERM
the F1, F2, and F3 lobes, Bretscher et al., 2002). The C terminus is predicted
putative actin-binding site (AB, last 34 aa). (C) Percentage of sequence
1015), HsEzrin (accession no. P15311), HsRadixin (accession no P35241),
in the table (PPP, polyproline track). (D) Alignment of the C-terminal amino
RMs. Residues characteristic of human Ezrin (red), Radixin (green), Moesin
alian and Drosophila counterparts. The threonine residue (asterisk; position
ly) involved in the activation of ERM is conserved in the C. elegans protein
ding to the erm-1 transcript (approximately 2.3 kb).
D. van Fu¨rden et al. / Developmental Biology 272 (2004) 262–276 267C01G8.5b or alternatively several transcripts with minor
size differences. The erm-1 gene is predicted to encode a
protein of 563 aa (C01G8.5a) with a FERM domain at its
N-terminus and a putative actin-binding (AB) domain at its
C-terminus (Figs. 1B–D). Between its FERM domain and
C-terminus, ERM-1 contains a region that has a high
probability of forming an extended a-helical domain with
the potential to form coiled-coil interactions. Based on
sequence alignment of its FERM domain (Fig. 1C), ERM-
1 is highly similar to HsEzrin (78% identity, accession no.
P15311, Gould et al., 1989), HsRadixin (78% identity,
accession no P35241, Wilgenbus et al., 1993), HsMoesin,
(78% identity, accession no P26038, Lankes and Furthmayr,
1991), and DMoesin (78% identity, accession no. P46150,
Polesello et al., 2002).
Expression pattern of ERM-1
To analyze the subcellular localization of ERM-1, we
generated an antibody against the C-terminus of the protein
and affinity-purified it. The antibody detects a single band
of approximately 65 kDa on a Western blot of worm extractsFig. 2. Expression pattern of C. elegans ERM-1. (A) Beginning at the two-cell sta
contacting membranes. This localization shows some variability during later round
whole cortex (asterisk). (B) With the onset of morphogenesis (lima-bean stage, n >
tract (arrows) and hypodermal cells (asterisk). (C) AWestern blot containing equal
band of approximately 65 kDa, which is almost completely absent in ERM-1-dep
erm-1 cDNA clone yk257f5). The blot was reprobed with anti-a-tubulin antibodie
gut-specific intermediate filament IFB-2 shows co-localization with ERM-1 (D, n
staining of hindgut, left to lower arrow). (F) In comparison to WT (n > 24), erm-1
(F, n > 15). (G–I) ERM-1 and F-actin (n = 18) co-localize and highlight the ap
indicates a cell with a generalized cortical ERM-1 staining. (B, E, and G–I). Arrow
rectal valves, respectively. (G) White dashed circle shows staining in the excreto(Fig. 2C). In WT embryos, we detect the first anti-ERM-1
staining in the two-cell stage (see inset in Fig. 2A) high-
lighting the cell cortex below contacting plasma membrane
domains. This subcellular localization persists in most cells
for the next rounds of division (Fig. 2A). At the onset of
morphogenesis (lima bean stage), several tissues develop a
polarized phenotype and ERM-1 becomes enriched at the
apical cell cortex of the hypodermis and the pharyngeal-
intestinal primordium (Fig. 2B). At the tadpole stage (Fig.
2D), the intestinal cells have fully polarized and feature an
apical membrane domain that is marked by the co-localiza-
tion of ERM-1 and the intermediate filament protein IFB-2
(Bossinger et al., 2004). The apical membrane domain is
separated from the basolateral membrane domain by AJM-1
expression, which marks the AJ (Fig. 2E, Ko¨ppen et al.,
2001). There is little or no overlap between ERM-1 and
AJM-1 staining; however, ERM-1 co-localizes with apically
enriched F-actin (Figs. 2G–I).
We used three different methods to show that our
antiserum is specific for ERM-1. After RNAi depletion of
ERM-1, immunological detection was greatly reduced or
eliminated in embryonic extracts as well as in whole mountge (see inset), ERM-1 (n > 18) predominantly localizes to the cell cortex of
s of proliferation so that there are cells in which ERM-1 can be found in the
13), ERM-1 is enriched at the apical cell cortex of the pharyngeal-intestinal
amounts of protein from WT and erm-1(RNAi) young adults reveals a single
leted animals (depletion of ERM-1 was achieved feeding dsRNA from the
s as a loading control. (D and E) During morphogenesis (tadpole stage), the
= 28) and no overlap with the junctional protein AJM-1 (E, n > 54; note
(RNAi) embryos at equivalent stages show no detectable staining of ERM-1
ical gut cell cortex (G; note staining of future mouth region). (A) Asterisk
s point to linkage of intestinal cells to the pharyngo-intestinal and intestino-
ry system. Orientation, anterior left. Scale bar: 10 Am.
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embryos were incubated with an aliquot of antibodies that
was preincubated with an excess of ERM-1 fusion protein
before its use, no pattern of staining could be detected (data
not shown).
Depletion of ERM-1 causes lumenal constrictions and
obstructions in the intestine
Morphological examinations of ERM-1-depleted larvae
in comparison to WT larvae revealed an abnormal gut
lumen of pearl string shape featuring multiple obstructions
(compare Figs. 3A and B). We used the hydrophilic
fluorescent dye Lucifer Yellow (LY, Stewart, 1981) to
establish that the occurrence of obstructions interferes with
fluid transport and diffusion of low molecular weight
molecules. Newly hatched larvae fed on nutrient agar
plates containing LY show that in WT the dye is taken
up and quickly diffuses (t V 5 min, Fig. 3C) through the
gut lumen from anterior to posterior. In contrast, erm-
1(RNAi) larvae featuring morphological obstructions take
up the dye but it only diffuses (t V 5 min, Fig. 3D) to the
first obstruction that retards diffusion for up to 1 h. These
data indicate normal LY uptake and transport through the
pharynx. Less severe cases of erm-1(RNAi) larvae appear
normal with respect to the time required for diffusion of
LY through the whole gut (t V 5 min, n = 18), but featureFig. 3. Analysis of larval erm-1(RNAi) phenotype. (A) WT larvae shortly after hatc
contrast, in erm-1(RNAi) larvae (n = 20), the normal course of the gut lumen is i
cavities, which start swelling. (C) After feeding WT larvae (n = 20) with low mo
diffuses through the gut lumen. (D) In contrast, in erm-1(RNAi) larvae (n = 10), lum
the anterior–posterior axis of the gut lumen (see text for further explanations). (A
micrographs were converted to grayscale mode and inverted. Scale bar: 10 Am.a narrowed lumen (see below).The swollen appearance of
the gut is likely to be a secondary consequence, probably
due to impaired fluid transport processes caused by
obstructions.
To understand the primary cause for the blockade of
liquid flow and to test whether apical obstructions are
already present in the embryo, we stained WT and erm-
1(RNAi) embryos with markers for the AJ (Fig. 4).
Embryos were collected and stained with antibodies
against the AJM-1-DLG-1 complex, against proteins of
the catenin–cadherin system (e.g., a-catenin, HMP-1), or
against the apical marker PKC-3 (Bossinger et al., 2001;
Leung et al., 1999). Figs. 4AV,BV and GV,HV show lima
bean stage embryos in which PKC-3 and AJM-1 can be
detected at the apical cell cortex, both in WT and erm-
1(RNAi) embryos. At this point, gut cells have already
started to undergo epithelial polarization and established
their apico-basal axis (Leung et al., 1999). This finding
indicates that ERM-1 is neither involved in the generation
of polarity nor does it inhibit the delivery of junctional and
cortical proteins to the apical membrane domain. As the
embryo develops, the AJ refines in WT (comma stage,
tadpole stage) and its three-dimensional pattern becomes
apparent (Figs. 4CV–FV). The stereotype junctional pattern
on one hand reflects the correct attachment of epithelial
cells (see also Bossinger et al., 2001), and on the other
hand delineates the course of the future gut lumen (seehing show a continuous gut lumen (asterisks) with a distinct diameter. (B) In
nterrupted by obstructions (arrowheads) and thus becomes subdivided into
lecular weight fluorescent dye Lucifer Yellow (LY) on agar plates, the dye
enal obstructions (as seen in B) interfere with the free diffusion of LYalong
and B) Nomarski (DIC) optics. (C and E) Fluorescence microscopy, color
Fig. 4. Comparison of the AJ pattern during intestinal morphogenesis of C. elegans WT and erm-1(RNAi) embryos. The early apical marker PKC-3, the
markers of the basal unit of the AJ (AJM-1 and DLG-1), and a marker for the apical unit of the AJ (HMP-1, a-catenin) were used to analyze the consequences
of depleting ERM-1. Micrographs show comparable morphogenesis stages (A–F and G–L) and corresponding enlargements of gut epithelial regions (AV–FV
and GV–LV), respectively. (AV and B‘; GV and HV) At the onset of morphogenesis (lima bean stage), there is no difference in the apical localization of PKC-3 and
AJM-1 at the cell cortex of gut epithelial cells in WT (n = 13) and erm-1(RNAi) (n = 12) embryos. (CV–FV) During morphogenesis (comma-, tadpole-, loop
stage), the AJM-1, HMP-1, and DLG-1 patterns refine to apico-lateral positions in WT embryos (n > 43), hence separating lateral and apical membrane
domains and demarcating the course of the future gut lumen (D’, white asterisks indicate lumen within and between pairs of intestinal cells, see also Bossinger
et al., 2001). (IV–LV) In erm-1(RNAi) embryos (n > 57), the AJ is not formed as a belt around the apex of intestinal cells. Instead, junctional proteins are not
separated at irregular intervals, either resulting in constrictions or obstructions (arrows) of the future gut lumen. (F and L) Black frames indicate intestinal
regions shown at higher magnifications in FV and LV after rotation by 90j, respectively. Orientation, anterior left, dorsal top, lateral view (ventral view: A and B;
G and H). Scale bar: 10 Am, respectively.
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onwards, erm-1(RNAi) embryos (Figs. 4IV–LV) show two
aspects of the same phenotype: junctional proteins that
cluster across the future gut lumen multiple times (arrow-
heads in Figs. 4IV–LV) and, in between, apico-lateral belts
not separated as far as in WT. This phenotype suggests
that during epithelial polarization the relocalization of
junctional proteins from the apical surface to an apico-
lateral position is affected or not happening at all in certain
spots along the anterior–posterior axis of the gut epithe-
lium. The mispositioned AJ is maintained until hatching
and beyond (see below). Remarkably, we did not observe a
phenotype in the AJ of the pharynx and the hypodermis,
nor any other morphological abnormalities. We also found
that the requirement for erm-1 function seems to be
restricted to embryonic stages of C. elegans because
growing WT larvae on E. coli-expressing dsRNA of
erm-1 (RNAi by feeding, Kamath et al., 2001) does not
induce any abnormalities (n > 60, data not shown).ERM-1 is required for the assembly of the F-actin
cytoskeleton in the apical cell cortex of the intestine
The predicted protein structure of ERM-1 contains an
actin binding domain at the C-terminus (Fig. 1). Early WT
embryos show a co-localization of ERM-1 and F-actin at
membrane contact sites of apparently all blastomeres and a
co-enrichment at the apical cell cortex of the intestine
(compare Figs. 2 and 5). We therefore analyzed the distri-
bution of F-actin in erm-1(RNAi) embryos during morpho-
genesis (Fig. 5). Initially, we cannot detect any differences
with respect to the amount or localization of F-actin in WT
or erm-1(RNAi) embryos (compare Figs. 5A and B). How-
ever, after epithelial polarization of the intestine, the apical
enrichment of F-actin in WT (arrows in Figs. 5C and E) is
not found in erm-1(RNAi) embryos (arrows in Figs. 5D and
F). The dramatic reduction in the amount of F-actin is
indicative of an altered apical cytoskeleton. We asked
whether the defect is specific to the F-actin cytoskeleton
Fig. 5. Distribution of F-actin and a-tubulin in C. elegans WT and erm-1(RNAi) embryos. (A and B) Fluorescent phalloidin staining (to visualize F-actin) of
equivalent early C. elegans stages does not differ between WT (n = 7) and erm-1(RNAi) embryos (n = 14). (C and D) With the onset of morphogenesis (lima
bean stage), enrichment of F-actin (arrows) can only be observed at the intestinal apical cell cortex of WT (n > 20) but not of erm-1(RNAi) embryos (n = 15).
(E and F) During more advanced morphogenesis (tadpole stage), the F-actin-rich apical cell cortex clearly delineates the course of the future gut lumen in WT
(n = 9), while fluorescent phalloidin staining of the apical cell cortex is severely reduced in erm-1(RNAi) embryos (n = 13). (G and H) In contrast, staining of
the microtubule network (by anti-a-tubulin antibodies; Piperno and Fuller, 1985) during early morphogenesis (lima bean stage) reveals similar staining patterns
of the apical gut cell cortex (arrows) in WT (n > 15) and erm-1(RNAi) embryos (n = 10). (C–H) Arrows point to future linkage of intestinal cells to the
pharyngo-intestinal and intestino-rectal valves, respectively. Orientation, anterior left, (E and F) dorsal top, lateral view. Scale bar: 10 Am.
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tubule network is unaffected in erm-1(RNAi) embryos (Figs.
5G and H). Thus, it seems likely that the cause for the
relocalization defect of junctional proteins in erm-1(RNAi)
embryos is the destabilized apical cell cortex.
However, alternative explanations for the AJ phenotype
in erm-1(RNAi) embryos could be either a defect in the
delivery of apical membrane material per se (see Discus-
sion) or the failure of the AJ to separate apical from
basolateral plasma membrane. In the latter case, we wouldpredict that the lack of separation eventually leads to a
basolateral expansion of apical markers and to a loss of
epithelial tightness.
To address this question, we stained WT and erm-
1(RNAi) embryos with fluorescent phalloidin to visualize
the F-actin-rich apical cell cortex or with apical markers
(Fig. 6) like the monoclonal antibody MH33 (Francis and
Waterston, 1985) that reacts with the gut-specific interme-
diate filament protein encoded by the ifb-2 gene in the
terminal web (Bossinger et al., 2004). The IFB-2 protein is
Fig. 6. Depletion of ERM-1 interferes with the formation of the AJ pattern and tubulogenesis in the gut epithelium. During late morphogenesis (loop to pretzel
stages), WT embryos (first column) and erm-1(RNAi) embryos (second and third column) were stained against PY-epitopes, DLG-1 (Discs large), or AJM-1
(a coiled-coil protein) to monitor the AJ (green), and with MH33 or fluorescent phalloidin (both in red) to visualize the intermediate filament IFB-2 and the
F-actin cytoskeleton in the intestinal terminal web, respectively. (A, AV and D, DV) In WT embryos, the distribution of IFB-2 (n = 11) and F-actin (n = 36)
surrounds a continuous gut lumen (asterisks indicate lumen within pairs of intestinal cells), within the general borders defined by the CeAJ. (B, BV; C, CV; E, EV;
and F, FV) In contrast, in erm-1(RNAi) embryos (B, n = 7; C, n = 27; E, n = 9; F, n = 14), AJ complexes are either clustered across the intestinal lumen (forming
obstructions; arrowheads in BV, CV, EV, and FV) or form lumenal constrictions. However, the remaining F-actin staining in EV and the IFB-2 staining in FV suggest
the presence of apical plasma membrane that folds out of the plane of the AJ (arrows in EV and FV; see also Fig. 8F). Note, while MH33 reactivity appears
normal in erm-1(RNAi) embryos (BV, CV, and FV compared to AV), fluorescent phalloidin reactivity is strongly reduced in the gut epithelium but not in other
tissues (E and EV compared to D and DV). White frames (A–C and D–F) indicate intestinal regions shown at higher magnifications in AV–CV and AV–FV,
respectively. Orientation: anterior left; lateral view. Scale bar: 10 Am.
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the intestinal terminal web. erm-1(RNAi) embryos show the
intermediate filament protein IFB-2 and F-actin localized to
the apical cell cortex. There is little or no overlap with the
junctional markers PY (phosphotyrosine epitopes, Bossinger
et al., 2001) or the AJM-1-DLG-1 complex just as in WT.
But at irregular intervals, junctional proteins either coalesce
to a single point, forming obstructions and thus eliminating
all apical staining (arrowheads in Figs. 6BV, CV, and EV), orthe apico-lateral belts become not separated as far as in WT
(arrows in Figs. 6B, C, and EV). Because these images
represent projections of stacks of confocal sections, the most
likely explanation for this pattern of staining is that the gut
lumen is continuous in WT (asterisks in Fig. 6AV), but is
either discontinuous or narrowed in erm-1(RNAi) embryos
(see also Figs. 8E and F). The apical staining of IFB-2 (Fig.
6FV) and the remaining F-actin staining (Fig. 6EV) in erm-
1(RNAi) embryos seem to loop out of the plane of the AJ.
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reduced but instead may be folded (indicated in Fig. 8F).
This interpretation is consistent with our analysis of the
larval erm-1(RNAi) phenotypes (see above). Newly hatched
larvae fed on nutrient agar plates containing LY demonstrate
a blockade of the gut lumen and show the remaining
epithelial tightness in preventing LY molecules from diffus-
ing into the body cavity. While erm-1(RNAi) larvae show
strong F-actin staining in the pharynx and hypodermis
(compare Figs. 6D and E), there is still a dramatic reduction
of F-actin specifically in the intestine (compare Fig. 6DV and
EV). Hence, the reduction of F-actin in the apical cell cortex
of the gut epithelium persists from early morphogenesis
(Fig. 5D) until hatching (Fig. 6E). This finding might be
an indication that an apical microvilli brush border is not
established correctly in late erm-1(RNAi) embryos.
Interactions between ERM-1 and genes that establish
epithelial polarity
The detailed immunofluorescence analysis of junctional
proteins in erm-1(RNAi) embryos clearly shows defects inFig. 7. Localization of ERM-1 in different knockdown situations and genetic inter
with dsRNA against dlg-1 (the homolog of Drosophila discs large) and hmr-1 (E
(harvested at a time approximately equivalent to the tadpole stage), depletion of D
n = 19) does not abolish ERM-1 localization at the apical cell cortex of the gut epith
backgrounds (single knockdowns). (E and F) Comparison of the AJ pattern in d
embryos (E, n = 96), the AJ pattern shows a combination of single phenotype
(F, n = 16) display a novel quality of junction phenotype that is characterized by
intestinal cells to the pharyngo-intestinal and intestino-rectal valves, respectively.the establishment of the correct junctional pattern (Fig. 4).
However, the localization with respect to apico-basal polar-
ity seems normal and the integrity of the apico-lateral belts
is hardly compromised, for example, LY does not enter the
paracellular space (Fig. 3) and proteins of the terminal web
remain localized apically (Fig. 6).
The opposite experiment is to compromise AJ forma-
tion and analyze the effect on the localization of ERM-1.
Fig. 7 collects images of embryos derived from mothers
that had been injected with a variety of dsRNAs. Em-
bryos (harvested at a time approximately equivalent to
the tadpole stage) were double stained with antibodies
against AJM-1 (to mark the AJ) and ERM-1. Figs. 7A
and B demonstrate that depletion of the AJM-1-DLG-1
complex (Ko¨ppen et al., 2001) or the catenin–cadherin
system (Costa et al., 1998) does not cause mislocalization
of ERM-1. ERM-1 is still transported to and anchored at
the apical cortex of the gut and other epithelia. A similar
observation is made in let413(RNAi) embryos at a stage
equivalent to the tadpole stage (Legouis et al., 2000,
2003). ERM-1 localization is unaltered and remains in
the apical cortex of many epithelia. However, in lateractions with AJ units. Embryos derived from mothers that had been injected
-cadherin) were stained against ERM-1 or AJM-1. (A and B) In embryos
LG-1 (n = 10) or HMR-1 (or other proteins of the catenin–cadherin system,
elium. (C and D) Comparison of the AJ pattern (AJM-1) in different genetic
ifferent genetic backgrounds (double knockdowns). In erm-1/dlg-1(RNAi)
s (see Fig. 4JV for erm-1(RNAi) phenotype). erm-1/hmr-1(RNAi) embryos
fragmentations (grey arrowheads). (A and B) Arrows point to linkage of
Orientation, anterior left, dorsal top, lateral view. Scale bar: 10 Am.
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equivalent to the loop stage), ERM-1 is seen to expand
basolaterally to the point where it ultimately encircles the
entire intestinal cell (Bossinger et al., in press). Similar
stage let413(RNAi) embryos also show the delocalization
of the AJ marker AJM-1 (data not shown). Both pheno-
types might be a secondary consequence from the pro-
gressive loss of ‘‘fence’’ function and are also observed
with IFB-2 or the PAR-3-PAR-6-PKC-3 complex (Bos-
singer et al., 2004; McMahon et al., 2001). These experi-
ments suggest that the initial localization of ERM-1 does
not depend on an intact AJ (Figs. 7A and B) and might
be regulated independently during the process of polari-
zation of the intestinal primordium (Leung et al., 1999).
Next we asked whether there is any genetic interaction of
an ERM-1-mediated signal or stabilized apical cortex with
the apical or basal unit of the AJ. Concomitant RNAi
depletion of ERM-1 and DLG-1 leads to embryos that show
a spotty but constricted outline of the junctional marker
AJM-1 (compare Figs. 7C and E). Those embryos represent
an accumulation of single phenotypes rather than the gen-
eration of a new phenotype. We conclude that there is no
genetic interaction between erm-1 and genes expressed in
the basal unit of the AJ. However, interfering with the
organization of the apical cytoskeleton and the apical unit
of the AJ, by double depleting ERM-1 and the E-cadherin
homolog HMR-1, leads to a new quality in the phenotype.
The gut lumen is no longer continuous and shows gaps in
the pattern of the AJ (grey arrowheads in Fig. 7F). The same
is true for double knockdown experiments using dsRNAs
against ERM-1 and the a-catenin homolog HMP-1 (Segbert
et al., 2004). These findings argue for an interaction of
genes expressed in the apical cytoskeleton and the apical
unit of the AJ.Discussion
The function of ezrin-radixin-moesin proteins is viewed
predominantly to serve as linkers between proteins of the
plasma membrane and the F-actin cytoskeleton. The recent
genetic analysis of ERM function in Drosophila has shown
multiple roles for DMoesin in organizing cortical scaffolds
at specialized plasma membrane domains. For example,
DMoesin was shown to be necessary for the correct
localization of F-actin in nurse cells and the polarized
retention of anterior–posterior polarity determinants in the
oocyte (Jankovics et al., 2002; Polesello et al., 2002).
DMoesin is essential for the differentiation of the photo-
sensing rhabdomer structure during compound eye devel-
opment (Karagiosis and Ready, 2004). In addition, loss of
Dmoesin leads to a loss of epithelial polarity (in the wing
disc) and the concomitant invasive migratory behavior of
the cells. This aspect of DMoesin function can be attributed
to antagonizing the Rho-GTPase pathway (Speck et al.,
2003).In C. elegans, we find ERM-1 expression associated with
the cell cortex in most cells. There are phases of develop-
ment where ERM-1 localizes to specific plasma membrane
domains, for example, during the early division cycles, it is
enriched in the cell cortex beneath the contact zone (Fig. 2).
Despite this differential localization, we do not observe any
defects with respect to the polarity or the cell lineage of erm-
1(RNAi) embryos that interfere with normal development
until hatching. Our multiple RNA interference assay indi-
cates that redundancy of other FERM domain containing
proteins is not an issue but despite the absence of immuno-
histological staining in erm-1(RNAi) embryos and extracts,
we cannot exclude a small proportion of biological ERM-1
activity remaining.
When WT embryos enter morphogenesis, ERM-1
becomes enriched apically, for example, in the intestine,
the hypodermis, and the pharynx (Fig. 2). Our analysis of
erm-1(RNAi) embryos reveals specific defects only in the
intestine (Figs. 4–6). We cannot, of course, rule out a subtle
phenotype in other tissues (e.g., in the excretory system,
Buechner, 2002) that might become apparent under other
conditions. ERM-1 clearly co-localizes with F-actin and the
gut-specific intermediate filament IFB-2, but there is no
overlap with the AJ (Fig. 2). While immunoelectron mi-
croscopy has revealed that IFB-2 is confined to a subapical
layer of the terminal web that directly joins to the electron-
dense structure of the AJ (Bossinger et al., 2004), it remains
to be tested whether ERM-1 is associated with the actin
filaments in the terminal web or with the filaments of the
microvilli (like ezrin in stimulated parietal cells, Hanzel et
al., 1991), or both.
The primary defect we observe in erm-1(RNAi) embryos
is the loss of F-actin accumulation in the apical cell cortex
of intestinal cells, indicating an alteration in the structure or
dynamics of the F-actin cytoskeleton (Fig. 5). ERM-1 may
be required to assemble actin filaments, which is reminis-
cent to the role of DMoesin in the organization of a
microfilament cytoskeleton in Drosophila nurse cells (Pole-
sello et al., 2002). The loss of F-actin in C. elegans erm-
1(RNAi) embryos precedes the proper arrangement of the AJ
but seems not to interfere with the apical delivery of
junctional proteins (Figs. 4 and 6). While in WT ERM-1
and F-actin expand to the whole apical cell cortex and the
AJ frames this membrane domain (see also Fig. 8), in erm-
1(RNAi) embryos this process is either blocked or arrests
prematurely, leading to intestinal obstructions and constric-
tions, respectively. We envisage two possible models that
would explain the ERM-1 depletion phenotype. The first
model is based on the close analysis of cell–cell contact
behavior of MDCK cells (Adams et al., 1998). In vivo video
tracking of E-cadherin fused to GFP has revealed a dynamic
process of E-cadherin relocalization, away from the initial
contact zone towards more lateral positions and the con-
comitant compaction of the membrane contact area. In this
model, stabilization of the F-actin network engages myosin
II, thereby triggering the translocation of associated com-
Fig. 8. Schematic model of AJ formation in the intestine of WT and erm-1
(RNAi) embryos. Progress through development of two opposing gut cells
in a semi-3D cross-section. (A) After receiving a polarization signal that
establishes apico-basal polarity, junctional proteins (green; e.g., DLG-1,
AJM-1, PY-epitopes, or HMP-1) and proteins of the apical membrane
domain (red; e.g., the intermediate filament IFB-2 or F-actin) become
enriched at the prospective apical cell cortex of intestinal cells. (B) As
development proceeds, the apical cell cortex expands and junctional
proteins are redistributed to a more lateral position. (C) Finally, a lumen
forms, which enlarges by apical membrane growth. (D, E, and F) In
contrast, after depletion of ERM-1, junctional proteins either remain
clustered apically, thus completely blocking the gut lumen (E), or form
lumenal constrictions without interfering with the expansion of the apical
membrane domain (F, see also Fig. 6). Nuclei colored in blue.
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In C. elegans WT embryos, we also observe an initial apical
enrichment and a subsequent lateral shift of junctional
proteins in a three-dimensional structure (Fig. 4). Interest-
ingly, two key regulators of actin-myosin contraction in
nonmuscle cells (Piekny and Mains, 2002; Piekny et al.,
2000; Wissmann et al., 1997, 1999), Rho-binding kinase
(LET-502) and myosin phosphatase targeting subunit
(MEL-11), are localized near the intestinal AJ after polari-
zation (Piekny et al., 2003). If, in the case of erm-1(RNAi)
embryos, junctional adhesive molecules such as HMR-1, the
E-cadherin homologue, or LAD-1, the L1CAM homologue
(Chen et al., 2001; Costa et al., 1998), cannot be relocalized
(e.g., by myosin II-dependent delivery of endocytotic
vesicles) to a restricted site on the lateral plasma membrane,
they are good candidates to cause lumenal obstructions and
constrictions (Fig. 8). The importance of a dynamic actin
cytoskeleton for facilitating endocytosis has been recog-
nized from work on Saccharomyces cerevisia (Engqvist-
Goldstein and Drubin, 2003), and the generality of this role
is increasingly supported by studies in mammalian cells
(Kaksonen et al., 2003; Merrifield et al., 2002). In C.
elegans, the endocytotic activity of the embryonic gut
epithelium has been monitored following transferrin mole-
cules (Bossinger et al., 1996). The apical enrichment of F-
actin cables and ERM-1 might be the response of unknownpolarity cues during cytoplasmic polarization of the intesti-
nal primordium (Leung et al., 1999).
The second model that would explain the ERM-1
depletion phenotype is based on the observation that a
large number of vesicles is present in electron microscopy
sections of WT embryonic gut cells, possibly contributing
to the expansion of apical membrane domain (Leung et al.,
1999). Thus, the relative position of the C. elegans AJ
might be shifted as a secondary effect and in this view the
erm-1(RNAi) phenotype would suggest a reduction or
failure of apical membrane biogenesis. However, two types
of observations weaken that line of argument. First, the
intestinal staining pattern of two different markers, the
terminal web protein IFB-2 and the remaining F-actin,
can be seen to loop out of the AJ plane (Figs. 6EV and
FV). Such a phenotype is never observed in WT. Our
interpretation of this staining pattern is the presence of
apical folds that appear in confocal stacks as being ‘‘out-
side’’ the surface framed by the AJ (depending on the angle
of view). The second observation arguing against a defect
in the delivery of apical plasma membrane is the bloated
gut larval erm-1(RNAi) phenotype. While the enlarged
luminal diameter may well occur from defects in vectorial
fluid transport, the bloating would not be possible without a
large amount of plasma membrane of apical identity and a
seal formed by the AJ.
There are two observations indicating that ERM-1 is
not involved in AJ formation per se. erm-1(RNAi) embry-
os manage to polarize their intestinal cells and deliver
proteins of the apical domain, as well as junctional
proteins, to the correct subcellular position. The second
point is that ERM-1 is correctly localized at the apical cell
cortex in embryos depleted for several different junctional
proteins (Fig. 7). However, we do observe genetic inter-
actions of the erm-1-dependent apical cytoskeleton with
genes expressed in the apical unit of the intestinal junc-
tion. A double knockdown of HMR-1 (E-cadherin) and
ERM-1 leads to a fragmented intestine (Fig. 7), suggesting
that hmr-1 and erm-1 are acting in two parallel pathways.
This phenotype is reminiscent of embryos in which both
units of the AJ are severely compromised: embryos
double depleted of HMP-1 (a-catenin) and DLG-1 (Discs
large) also feature a fragmented gut (Segbert et al., 2004).
It was always argued that junction formation and estab-
lishment of cell–cell adhesion in the C. elegans embryo is
a robust system featuring redundant pathways (Costa et
al., 1998; McMahon et al., 2001; Segbert et al., 2004;
Simske et al., 2003). With the molecular identification of
an apical unit and a basal unit of the intestinal junction,
the redundancy is more readily explained (Knust and
Bossinger, 2002; Michaux et al., 2001). Our analysis adds
another element, the ERM-1-dependent apical cytoskele-
ton, to the requirement of junction development and in
addition demonstrates the intimate relationship between
junction remodelling and proper tubulogenesis in the C.
elegans gut epithelium.
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